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ABSTRACT
The focus o f this research is to study the effects of deformation and aging on the 
yield behavior o f precipitation-hardened Al-Cu-Li alloys, specifically Al-Cu-Li 2195 
plate. Al-Cu-Li 2195 is a relatively new and exceptionally strong, yet lightweight 
aluminum alloy. Experimental methods applicable to mechanical/structural engineering 
and materials science problems provide the means for understanding the interrelation o f 
deformation, microstructure, and crystal orientation (texture) as they affect the 
mechanical properties o f crystalline materials. Yield strength is a vital mechanical 
property in that it defines the boundary o f  stress that may be applied to a part before a 
permanent, in some cases, detrimental shape change occurs. The values of yield strength 
often have directional characteristics, such that the values assessed depend on the 
direction of measurement. The major elements affecting yield and anisotropic nature o f  
Al-Cu-Li materials are induced crystallographic texture from prior deformation such as 
rolling, elongated grain structure, and the presence of microscopic precipitates. In order 
to complete the understanding of how these aspects relate, it is intended to characterize 
the material and model the yield behavior o f the material using theoretical techniques 
based on polycrystal plasticity.
Numerous phenomenological yield expressions exist that describe 2- or 3- 
dimensional yield behavior (i.e., yield surface or yield locus) and recent advances in 
computational methods and computer resources have enabled the application o f  
polycrystal yield definitions. Meanwhile, whereas the cumulative effects of precipitate 
state and crystallographic texture on mechanical behavior have been acknowledged, they 
have not been widely studied in a quantitative manner. Therefore the intent o f this 
research is to determine the influence o f the combination of microstructural effects such
xi
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as texture (arising from prior deformation) and precipitates (formed during the process o f 
aging) on anisotropy and yield strength of Al-Cu-Li 2195. Finally, the results will be 
used to discuss the microstructural relationship between characteristics o f the alloy and 
their cumulative effects on material properties.
xii
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CHAPTER 1. INTRODUCTION
1.1 Background
Aluminum-Iithium alloys with improved mechanical properties over conventional 
aluminum alloys have been developed to satisfy the advancing technological needs of 
society. Al-Li alloys have an attractive combination of low density, high specific 
modulus, and excellent fatigue and cryogenic toughness properties that make them 
remarkably suited for aerospace applications. Because of their properties, Al-Li alloys 
have been employed in a growing number of aircraft and aerospace structures, a recent 
use being for cryogenic tanks on the space shuttle.
The principles upon which this project is built begin with a consideration of the 
basic structure o f the microscopic crystals that make up the bulk material. This structural 
unit is referred to in basic materials science texts as a unit cell. A full description of the 
structure of the unit cell (or crystal lattice) as a whole is accomplished by defining 
various lattice constants that relate to the three-dimensional arrangement of the actual 
atoms. Aluminum alloys have what is known as a face-centered-cubic (FCC) lattice 
structure, meaning that the basic structural 
element is a crystal lattice that has a cubic 
shape where atoms in the crystal are arranged 
as shown in Figure 1-1, with atoms located at 
each comer and in the center of each face of 
the cube. Planes are defined in the crystal 
according to the definition o f {hkl} Miller’s 
indices, which are intercepts of the crystal 
axes expressed as integers inside of
1
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1V
1
m m
Figure 1-1. Face-centered cubic 
structure. {111} planes are 
shown.
parentheses (for individual planes) or braces (indicating a family o f  structurally 
equivalent planes having different Miller’s indices}. Directions in the crystal are defined 
according to the smallest uvw integer positions intercepted by the line from the origin of 
the crystallographic axes. Direction notations are distinguished by square brackets [for 
individual directions] or angular brackets <for structurally equivalent directions with 
different orientations relative to the crystallographic axes>.
The process o f deformation occurs on a microscopic level by a mechanism known 
as slip. During slip, the crystallographic planes that are packed most densely with atoms 
move relative to each other in the direction that is packed most densely with atoms. 
These planes and directions are dependent upon the crystal structure type and they are 
called a slip system. The slip system is indicated as a {hkl}<uvw> designation. The slip 
system for FCC materials is {111 }<110>. Two planes in the {111} family are illustrated 
in Figure 1- 1; they are represented as triangular objects connecting atoms at the comers 
of the cube. The <110> directions are along the sides of these triangles and they are 
congruent with the face diagonals o f the cube.
When slip occurs, structural defects known as dislocations result. Elementary 
explanation o f dislocations can be found in basic materials science texts and detailed 
points of dislocation theory are covered in physical metallurgy texts. Dislocations are 
disruptions in the placement of atoms allowing the movement of planes relative to each 
other, thus enabling deformation. The dislocations move as deformation proceeds and as 
more deformation occurs, the volume o f dislocations increases.
Dislocation motion can be hindered by the presence o f defects including other 
dislocations and microscopic precipitates in the matrix. Precipitates exist in 
supersaturated solid solution with different chemical compositions than the matrix and
2
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different crystal shapes and/or structures. There is a resultant strain field around the 
particles due to the shape mismatch between the particle and the matrix that must be 
overcome for the dislocation to move. This impedance results in the increased values of 
macroscopic properties such as yield strength. In Al-Cu-Li 2195, one precipitate in 
particular, which is named T|, forms only on {111} planes. This precipitate also forms 
specifically on the sites o f  dislocations. Therefore, the material processing (deformation) 
has implications involving several parameters o f the alloy, including yield strength, due 
to the microstructure and the micromechanical process o f slip. The macroscopic 
properties of engineering materials may be linked to the microstructural and microscopic 
characteristics via an advanced application o f plasticity theory, referred to as polycrystal 
plasticity. In brief, this concept holds that the fundamental equations that govern 
definitions of elastic limit and plasticity (deformation) on the microscopic level (slip) in 
an individual crystal may be used to define the macroscopic equivalent measures of 
elasticity and plasticity (yield strength and/or yield loci).
This also means that characterization o f  the orientation of the planes o f the slip 
system, referred to as the crystallographic texture or simply texture, is quite useful in the 
analysis of engineering materials, especially those that have or will undergo deformation. 
Deformation causes rotation of the crystals that make up the grains that the polycrystal is 
formed of. This rotation creates texture, which can be described by the orientation o f the 
crystallites in a bulk sample of a polycrystal material. The texture directly influences 
mechanical properties; in this research the focus is the mechanical property o f  yield 
strength. Texture affects the outcome of yield strength (as well as other properties, 
including ductility and fatigue, which are not discussed in this research, but are instead 
left for future work) mainly by creating a situation where the yield strength will be
3
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anisotropic. Anisotropy is the status o f having properties that differ according to the 
direction o f measurement. Yield strength will have markedly different values in different 
directions (or orientation to the axes o f deformation). There will also be indirect effects 
due to the interrelation of material characteristics including texture, microstructure, and
anisotropy.
The study o f material characteristics, whether on a macroscopic or microscopic 
scale, for the prediction of mechanical properties o f materials is critical. In fabrication 
practice, it is important to understand the response o f materials to general metal forming 
processes, such as rolling or extrusion, that produce deformation into various shapes such 
as sheets, panels, tanks, etc. Such predictions of material response may be accomplished 
by crystallographic yield expressions. The implications for future work (Chapter 6) 
include crystallographic yield applications and deformation modeling that employs 
knowledge of microstructural characteristics and properties enabling modeling based on 
micromechanical deformation mechanisms.
Al-Cu-Li 2195 is a member o f the relatively new Al-Li Weldalite* family. The 
development o f this group of alloys has resulted in a class Al-Li alloys with exceptional 
joining properties, which is important because currently, most aircraft parts are 
mechanically fastened. A very recent application of Al-Cu-Li 2195 is for the cryogenic 
tanks of the space shuttle. This strong, lightweight material could possibly be used for 
formed and welded parts aboard aircraft. Further characterization study is required for 
Al-Cu-Li 2195 to achieve its full application potential for other aerospace applications.
Because Al-Li alloys are useful for such extremely important and complex 
applications, characterization and prediction o f material properties such as 
crystallographic texture, precipitate state, and yield strength are o f great interest to the
4
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technical materials science fields. To this end, three areas will be addressed; (i) material 
processing and material characterization, (ii) experimental yield strength and analytical 
yield loci, and (iii) interrelation o f  material properties, i.e. texture, yield strength, aging, 
and anisotropy.
1.2 Scope
The examination and analysis o f the relationship, interaction, and/or dependency of 
various aspects of materials can be achieved by elaborate and sophisticated means of 
materials characterization. Figure 1-2 illustrates how the different aspects o f material 
property characterization: texture, precipitation, yield strength, and anisotropy are
associated with each other. The benefit o f such material characterization and subsequent 
analysis o f characteristic data can be seen in that ultimately, understanding the 
relationship of these factors can lead to enhanced understanding o f material behavior on 
both microscopic and macroscopic levels. Figure 1-2 is a synopsis of the main points 
which are expounded in the literature search (Section 1.3) that provide the background of 
this research and serve as a guide for the direction o f the project. It briefly overviews the 
topics that are of interest in the study of the relationship o f the stated material 
characteristics. The figure also defines the experimental methods that are necessary to 
complete the fundamental analysis o f the Al-Cu-Li 2195 material. The present 
investigation will include the following activities with the goal that it will lead to 
improved understanding of the deformation behavior and the relationship o f texture, 
precipitation, and mechanical properties o f Al-Cu-Li alloy 2195.
(1) A review of the existing work in characterization of the Al-Li family o f materials
and yield criteria for polycrystalline materials.
(2) Performance o f experiments for material characterization.
5
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(3) Utilization o f  theoretical models of yield using experimental texture data.
(4) Study of quantifiable microstructural relationship between properties (texture and
precipitation) and effect on yield.
1.3 Literature Review
1.3.1 Material Characterization
The main goal of material characterization is to determine the effects of material 
processing such as deformation and aging on the material behavior. Several studies have 
been performed on Al-Li alloys [1-8]. Al-Li alloys are precipitate-strengthened 
materials. They obtain their excellent strength properties from the presence of a variety 
of precipitates that form during aging processes. Commercially produced Al-Li alloys 
have unique microstructures and crystallographic textures which usually lead to the 
anisotropy of mechanical properties such as yield stress and elastic modulus [9,10]. 
Some of these alloys contain elements that inhibit recrystallization, such that even after 
solutionization, they may retain the directional properties caused by elongated grains or 
preferred orientations resulting from initial processing such as hot or cold rolling [4], 
Particle type and density in precipitate-strengthened Al-Li alloys vary depending on 
aging time and temperature, according to the rules of thermodynamics that govern phase 
transformations. Further processing, such as cold rolling of plates and sheets, enhances 
anisotropic characteristics of these alloys and can influence the crystallographic texture 
of the material. These elements-microstructure, texture, and deformation—affect the 
mechanical properties of alloys.
The equilibrium phase diagrams of the Al-Cu and Al-Li systems are presented in 
Figure 1-3 and Figure 1-4, respectively. An equilibrium system shows no desire to 
change. In thermodynamic terms, this means that the Gibbs free energy, G, defined by
6
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Figure 1-2. Overview of the relationship of the individual focus topics (items in 
diamond borders). This figure explains how texture, anisotropy, aging/precipitation, 
yield strength, and yield surface are interrelated (articles in square borders). The 
experiments necessary to evaluate and characterize the topics are defined (articles in 
square borders with rounded comers). The lines and arrows between topics link the items 
to show how the governing factors correlate.
7
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EXPERIMENTS 
Texture analysis using x-ray 
diffraction methods.
<^ T e x tu re ^ ><
For this study ^h e  process of 
deformation wjas performed 
prior to aging. | Therefore the 
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indirect effect on anisotropy by 
resulting in the heterogeneous 
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strengthened materials. They 
obtain their excellent strength 
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a variety of precipitates that form 
during aging processes. Ti is 
the main precipitate responsible 
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Tensile testing is necessary to 
determine the mechanical 
property of yield after different 
types of processing (i.e., natural 
or artificial aging, various rolling 
percentages) to display the 
effect of these processes on 
properties. Testing in various 
material directions (i.e., rolling 
direction, transverse direction, 
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Theoretical determination
of the yield surface may be 
accomplished using simulations 
based on polycrystal plasticity 
theory. A computer software 
(LApp) u ses texture data and 
manipulates the texture files 
to predict yield surfaces using 
polycrystal-based definitions 
according to plasticity theory.
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When parts are formed by 
various deformation processes, 
they are subjected to a 
combination of stresses. 
Knowing the material limits of 
elasticity under different loading 
conditions is most useful. The 
elastic/plastic boundary may be 
represented graphically by the 
yield locus or yield surface. The 
yield surface displays the 
mechanical property of yield 
under various load combinations. 
If yield is anisotropic, the yield 
surface must also display the 
anisotropy. Polycrystal plasticity- 
based yield criteria have been 
developed that incorporate 
texture data, thus allowing the 
inclusion of texture effects on the 
anisotropy of mechanical 
properties exhibited by the yield 
surface.
G = H —TS ( 1.1)
where H  is the enthalpy, T is the absolute temperature, and S  is the entropy of the system 
is a minimum or dG = 0. There are usually other configurations that lie at a local 
minimum in free energy, also satisfying Equation (1.1), but they do not have the lowest 
possible value of G. These configurations are called metastable states. The misfit strain 
energy of the atoms in an equilibrium or metastable configuration dictates the shape that 
the particle will have in solid solution.
Kumar et al. [13] performed a study of the evolution of microstructures with aging 
of an Al-Cu-Li alloy in the class o f Al-Cu-Li 2195. The metastable, ordered S  (A^Li) 
phase nucleates homogeneously throughout the matrix. It is fully coherent with the 
matrix, and because o f a small misfit strain its morphology is spherical. The platelet­
shaped equilibrium Ti (ALCuLi) phase is a precipitate that forms on the {111} habit 
plane of the face centered cubic (FCC) matrix when amounts of copper are in solid 
solution with aluminum and lithium. It is the foremost strengthening precipitate of Cu- 
containing Al-Li alloys, appearing only after artificial aging. Metastable ff  is another 
particle that forms in solution with copper. It is the metastable form o f the equilibrium 0  
precipitate which is the major strengthening phase o f Al-Cu alloys. & also appears as 
thin platelets, but it forms parallel to the {100} planes.
According to several authors, including Quist and Narayanan [14], Frazier et al. 
[15], and Lee [1], Al-Li alloys must be deformed prior to aging in order to obtain optimal 
strength properties. This is due to the fact that the major strengthening particle, Ti, forms 
heterogeneously on the sites o f dislocations, as has been noted by Lee [16] and Cassada 
et al. [17]. Deformation increases dislocation density and thus creates more sites for the
9
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nucleation o f the Ti precipitate. It also increases the homogeneity of Ti precipitation up 
to about a 10% stretch. However, with the localized deformation occurring with large 
deformations to the degree of 30% thickness reduction, Ti becomes concentrated on the 
heavily deformed sites. The increase o f  yield strength with prior deformation has been 
observed by Li et al. [18], Cassada et al. [19], and Ringer et al. [20].
Where it relates to deformation, aging temperature also has an effect on 
precipitation. As mentioned previously, Ti is the precipitate most responsible for the 
increased strength of Al-Li alloys and it forms only after artificial aging at elevated 
temperatures. According to Lee [16], the effect of stretch is associated with the 
refinement of the Tt precipitate at higher aging temperatures, e.g. 190° C. At 
intermediate aging temperature, e.g. 160° C, the effect of stretch is associated with both 
the refinement and formation of new T i precipitates.
Anisotropy of mechanical properties in different directions of measurement is a 
concern in the forming of metals into shapes and parts. It is tied into considerations o f 
the yield locus, which will be discussed in the following section. Various factors cause 
anisotropy in metals, including elongated grains, as purported by Kocks and Chandra 
[21], and the presence o f second-phase precipitates (see Mizera et al. [3] and Vasudevan 
et al. [4]). Many researchers, including Fjeldly and Roven [22], agree that 
crystal lographic textures or preferred orientations resulting from thermomechanical 
treatment such as hot or cold rolling or stretching are most directly responsible for 
anisotropy in metal alloys. For this reason, texture analysis is important for 
characterization of materials.
Several sources, including the writings of Bunge [23], Cahn [24] and Hatherly and 
Hutchinson [25], summarize the sources of texture and its effects on mechanical
11
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properties. In brief, texture arises from the rotation of material grains during the slip 
process when deformation occurs, which subsequently produces rotation o f the 
crystallographic planes within the crystals comprising the grains. The orientation o f the 
planes in a polycrystal will be influenced by the constraints of the forming operation and 
the slip systems available in the material. Because there is a limited number o f slip 
systems available during slip, the planes tend to rotate toward particular orientations, thus 
producing a preferred orientation or crystallographic texture. Therefore, the resulting 
texture depends on the nature of the imposed stress system and it reflects the symmetry of 
the forming operation.
Texture may be presented graphically in the form of a pole figure. Pole figures are 
stereographic projections that show the distribution of particular crystallographic 
directions relative (usually) to material directions such as the rolling direction (RD) and 
transverse direction (TD) in sheet materials. Pole figures are useful in the analysis of 
texture. For example, a pole figure exhibiting a typical rolling texture reflects the 
symmetry of the rolling process in that certain crystallographic planes are aligned parallel 
to the rolling plane and particular directions in these planes are parallel to the rolling 
direction. However, pole figures are merely qualitative representations o f texture. On 
the other hand, the orientation distribution function (ODF) gives quantitative information 
about the spread o f orientations throughout the texture of a material. The ODF may be 
represented graphically by mapping the given three-dimensional domain inside the 
orientation sphere onto a two-dimensional surface. As a full mathematical description it 
can be applied objectively in understanding texture development and in the prediction of 
anisotropic properties. The ODF may be calculated from the measured pole figures using
12
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various methods including harmonic and discrete methods. Pole figures and ODFs are 
discussed in further detail in the Results Section 3.2.
The ODF may be analyzed in the form of a plot o f the “fiber” or “skeleton line” 
plot by decomposing it into its components, i.e., Brass, Cube, rotated Cube, etc. 
Explanation o f texture components can be found in the works of Cahn [24] or Aemoudt 
et al. [26] and Barlat and Richmond [27] list typical components of texture found in 
aluminum alloys. Such analyses have been performed by Hirsch and Lucke [28] for 
homogeneous materials, Engler et al. [29] on age-hardened material, and Hirsch [30] 
with respect to grain structure. According to Hirsch and Lucke [28], the skeleton line 
plots allow quantitative discussion of the effects of texture on various parameters, which 
may lead to conclusions about the underlying mechanisms of deformation.
Bowen [31] performed such ODF/texture analysis on four types of Al-Li alloys; 
8090, 2090, 8091, and 2091. He found that strong textures and marked texture gradients 
occur in Al-Li sheets and therefore pole figures and ODF data must be quoted for 
particular positions in the sheet. Zeng et al. [10] also observed texture gradients through 
the sheet in Al-Li alloys 8090 and 2090 (recrystallized and unrecrystallized). The 
gradient was most pronounced in unrecrystallized specimens. Both authors identify the 
density of texture components with respect to the crystallographic directions. Zeng et al. 
[10] goes further to determine the plastic anisotropy, R, o f the material by consideration 
of the Taylor factor, M, which can be found using the ODFs. This method is described 
by Bunge [32].
Vasudevan et al. [33] observed the textures of Al-Li-Cu alloys with regard to the 
effect o f texture on the anisotropy of yield strength. They found strong Brass 
components in those alloys that had a relatively larger volume fraction of Ti precipitates
13
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compared with other alloys. They used the texture results to predict the yield strength 
anisotropies in the alloys via the Taylor full constraints (Hosford [34]) and relaxed 
constraints models (Hosford [35]). They found a good correlation between predicted and 
experimental results o f alloys with a high Li:Cu ratio. However, in those alloys with low 
Li:Cu, discrepancy between prediction and experiment existed. The discrepancy was 
attributed to the effect o f the directional platelet Ti precipitates.
Most studies o f texture of Al-Li alloys have concentrated on the alloys such as the 
8090 and 2090 designations. Al-Cu-Li 2195 is a relatively new alloy in the Al-Li 
Weldalite® family. According to Gayle et al. [6], the development of this group o f alloys 
has resulted in a class Al-Li alloys with exceptional joining properties. Joining capability 
is important for alloys used in engineering applications such as air and space crafts, as 
stated by Pickens et al. [36], because currently, most aircraft parts are mechanically 
fastened. The most recent application of Al-Cu-Li 2195 is for the cryogenic tanks o f the 
space shuttle. Further characterization study is required for Al-Cu-Li 2195 to realize its 
full application potential for other aerospace and aircraft applications.
1.3.2 Yield Criteria
When parts are formed by various deformation processes, they are subjected to a 
combination of stresses. Knowing the material limits of elasticity under different loading 
conditions is most useful. The elastic/plastic boundary may be represented graphically 
by the yield locus or yield surface. A mathematical expression of the limit o f elasticity 
under any possible combination of stresses is a yield criterion. The yield surface can be 
determined using an applicable yield criterion, however it must be verified by 
experiment.
14
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As materials may be either isotropic (mechanical properties are constant regardless 
of the direction of measurement) or anisotropic (possessing directionally-dependent 
mechanical properties), so may the corresponding yield loci be. Criteria for isotropic 
media were developed by Tresca and von Mises. Discussion of these theories can be 
found in many sources including Ugural and Fenster [37]. Tresca’s theory predicts that 
yielding will begin when the maximum shear stress in the material equals the maximum 
shear stress at yielding in a simple tension test. The theory due to von Mises is also 
known as the maximum distortion energy theory. According to it, yield occurs when at 
any point in the body, the distortion energy per unit volume in a state of combined stress 
becomes equal to that associated with yielding in a simple tension test. Tresca’s criterion 
results in a hexagon that is inscribed within the elliptical surface produced by von Mises 
criterion. Good agreement with experimental results for isotropic materials has been 
demonstrated for these two criteria with results usually lying on either surface or 
somewhere in between.
Isotropic yield criteria are inadequate when applied to anisotropic materials. 
Anisotropic materials may exhibit planar isotropy, meaning there is only normal 
anisotropy (anisotropy through the thickness o f the sheet) present in the material as they 
may have textures that are rotationally symmetric about the thickness direction. Or the 
material may be completely anisotropic in the plane and through the normal. The 
mathematical representation of the anisotropic condition results in a difficult analysis that 
may require large amounts of experimental data unless some simplifying assumptions are 
made. The relationship between yield locus, work hardening, and strain distribution in 
stretching has been discussed by Mellor [38], Hosford and Caddell [39] reviewed the 
effect of plastic anisotropy on the yield loci.
15
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The first expression of anisotropic yield is an empirical equation due to Hill [40]. 
It is a quadratic equation in terms of the three principal stresses and three shear stresses 
and it requires that three mutually perpendicular symmetry planes exist and that the axes 
of anisotropy are also the coordinate directions. In its general form, it requires an 
unwieldy battery of tests for its application. Since Hill made his initial endeavor in this 
direction, numerous attempts to define an appropriate criterion for anisotropic materials 
have been made including efforts by Hill to improve upon his 1948 criterion, often 
referred to as Hill’s ‘‘old” criterion. In 1979. Hill [41] expressed his criterion as a non­
quadratic function. This has come to be known as Hill’s “new” criterion. In 1990, Hill 
[42] altered the 1979 formulation and added a term defining the angle between the 
direction of the principal stress and the rolling direction, thus eliminating the requirement 
that the axes o f anisotropy also be the coordinate directions.
A comparative study was performed by Vial et al. [43] of four different anisotropic 
sheet metals. They compared experimental data to the results of Hill’s “old” and “new” 
criteria and with the method of Hosford [44], which is a modification to the Hill [40] 
"old” criterion. They concluded that no single yield criterion provided the best 
agreement for all of the combinations of materials and test methods of their investigation. 
In a study of anisotropic aluminum sheets, Mahmudi [45] used the method o f  Hosford 
[44], He found good correlation between this method and experimental data at high 
strain levels. Lin and Ding [46] propose an improvement to Hill’s 1990 [42] criterion to 
improve the directionality of the in-plane anisotropic metal sheet without imposing 
additional mathematical difficulties in the determination o f material parameters.
Experimental methods of generating yield surfaces have been studied in addition to 
analytical ones. Lee and Backofen [47] used a series o f tests on textured sheets to
16
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generate points on the anisotropic yield surface representing various stress states. They 
found points for tensile and compressive uniaxial loading, plane-strain condition in 
tension and compression (this method is described by Backofen [48]), and balanced 
biaxial tension (equivalent to through thickness compression). Ferrari and Granik [49] 
studied ultimate criteria for materials with different properties in biaxial tension and 
compression using a micromechanical approach which employed five independent 
ultimate plane stress states: uniaxial tension and compression, pure shear, and equibiaxial 
(hydrostatic) tension and compression.
Great effort has also been put forth in recent years in developing failure criteria for 
anisotropic sheet materials under the biaxial stress condition using biaxial (or equivalent) 
experimental approaches. Tay et al. [50] investigated the “equivalent” stress-strain 
relationship of sheet metals under biaxial tension by uniaxial tensile tests. By realizing 
the importance of the stress-strain relationship in regions beyond those obtainable by 
uniaxial tension, the hydraulic bulge test was also conducted together with the use of a 
biaxial test extensometer. Other experimental work was also conducted by Johnson and 
Duncan [51] and Easterbrook and Grieve [52] in this area.
Shiratori and Ikegami [53] designed a biaxial tensile testing machine and used flat, 
cross-shaped specimens to perform the tests. When using this type of specimen it is 
important that its geometry allows initial yielding and uniform strain distribution in the 
center of the specimen. They discuss the different definitions of yield point including (i) 
proportional limit, (ii) “back extrapolation,” and (iii) proof strain. They chose to define 
yield at the definite value of strain. Wu and Yeh [54] point out the implications that 
choice o f yield point definition can have on the size and shape of the yield locus. They 
chose to use a non-typical proof strain o f 5fi, which they assert is equivalent to a
17
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proportional limit determination. They performed their tests using tubular specimens. 
Shiratori and Ikegami [53] point out, however, that methods using tubular specimens are 
limited in that (i) testing a flat plate under biaxial stress condition is not possible, (ii) 
obtaining the specimen with a desired plastic anisotropy is difficult, (iii) holding the 
stress ratio constant is difficult, and (iv) the stress state is not exactly two-dimensional. 
Lin and Ding [55] applied a method using cruciform (cross-shaped) specimens for biaxial 
testing. They also designed a biaxial tester and they used finite element analysis to 
optimize the specimen design. Muller and Pohlandt [56] also designed cruciform 
specimens. While they were able to achieve a large area o f homogeneous stress 
distribution in the center of the specimen, maximum strain occurs first around the notches 
between the arms of the cross. Results obtained using the cross-shaped specimen were 
compared to results of Hill [40] and others. They also describe an “inclined tensile test” 
where the specimen is inclined at various angles to the direction of movement. The yield 
point is determined through measurement of the temperature using an infrared 
thermocouple. Results of this test procedure were not reported.
1.3.3 Interrelation of Material Characteristics
1.3.3.1 Texture and Yield Surface
The previously discussed theoretical and experimental criteria are classified as 
phenomenological as they are based on the macroscopic phenomena that affect yield. 
Due to the advancement of computing capabilities in recent years, crystallographic 
theories o f yield based on the processes of slip and on texture may now be applied to 
materials. The prevalent crystallographic yield theories are based on Taylor and Bishop 
and Hill [34,35] theories, commonly referred to as TBH models. Mahmudi [45] also 
compared his experimental data to crystallographic theories and in his experiments, at
18
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lower strain levels a better correlation was achieved for crystallographic loci than with 
Hosford’s [44] macroscopic method.
The TBH crystallographic theories have been extended to define methods of yield 
locus calculation based on texture measurement. Viana et al. [57] use a previously 
defined procedure where the average value of a property in a textured aggregate may be 
calculated as a function of the variation of that property with orientation. The ODF is 
used to express the texture of the material aggregate. Lequeu et al. [58] employ a method 
based on the Hill quadratic ellipsoid. The procedure is termed the continuum mechanics 
of textured polycrystals (CMTP) method. It does not use the ODF to describe texture and 
they admit that this causes accuracy to suffer. Instead, for ease in calculation, they use 
components of ideal texture to determine the anisotropy coefficient (or plastic strain 
ratio), R, for application to the Hill quadratic criterion.
Mizera et al. [3] assert that the observed anisotropy of the mechanical properties of 
Al-Li alloys cannot be explained by the CMTP model. Barlat and Richmond [27] use 
TBH theory of polycrystal deformation to predict yield surfaces for hypothetical textures. 
Arminjon and Imbault [59] combine polycrystal plasticity and anisotropic potentials by 
expressing the coefficients of the anisotropic potential in terms of texture coefficients. 
Darrieulat and Piot [60] follow a method close to the CMTP method in that the behavior 
of a crystallographic orientation is done by continuum mechanics (such as Hill’s criteria). 
However, the microscopic behavior is based on the Schmid law, which only provides a 
lower bound for the solution. Miller and McDowell [61] and Maudlin et al. [62] also 
consider texture effects in modeling yield surfaces of anisotropic materials.
19
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1.3.3.2 Texture, Precipitation, and Anisotropy
In biology, the term symbiosis is used to describe the relationship of two or more 
different organisms in a close association that may be, but is not necessarily, of benefit to 
each. Such is the enigmatic relationship between microstructure and texture. This aspect 
is analyzed by Hosford and Zeisloft [63], Bate et al. [64], and Lyttle and Wert [65]. 
These studies are based on expressing the contribution of precipitates to anisotropy in 
terms of an orientation factor that is calculated from effective strains.
Effects of precipitation on anisotropy have been addressed in a qualitative analysis 
by Kim and Lee [66], according to whom crystallographic texture has an indirect effect 
on anisotropy by resulting in the heterogeneous distribution of the primary strengthening 
Ti precipitates among four {111} habit planes. Using transmission electron microscopy 
(TEM), they analyzed the four possible Ti variants lying in four orientations to the 
longitudinal rolling direction. Also, they used ODF analysis to determine the 
crystallographic texture of the sheet. They found differing sizes and densities of the Ti 
precipitate on the four slip plane orientations. They concluded that the ability of 
precipitates to act as effective barriers to slip depends on the orientation of the planes that 
the variants lie on. This occurs such that precipitates on a plane oriented parallel to the 
rolling direction are not as effective as barriers as those that are on planes oriented at an 
angle to the rolling direction.
For these reasons, texture analysis is important for characterization of Al-Li 
materials. In this research, transmission electron microscopy (TEM) characterization of 
the microstructure of Al-Cu-Li 2195 is discussed (see Section 2.5). The texture o f  Al- 
Cu-Li 2195 plates is analyzed and the orientation o f Ti habit planes relative to the texture
20
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of the plate is determined. This relation has implications for anisotropy of tensile 
properties.
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CHAPTER 2. EXPERIMENTS
Experimental methods are required to determine the material properties such as 
preferred orientation (texture), precipitate state, and mechanical properties (such as yield 
strength) of the Al-Cu-Li 2195 alloy.
2.1 Material
The Al-Cu-Li 2195 material was received from Reynolds Metals Co. as 60.96 cm. 
(24 in.) x 25.40 cm. (10 in.) x 3.81 cm. (1.5 in.)-thick plates in the T3 (heat treated and 
cold rolled) condition. The grain morphology of the as-received material is illustrated by 
the 3-D cube micrograph in Figure 2-1. The micrograph forming the top of the cube is a 
top view of the grains in the as-received plate taken from an area parallel to the plate 
surface. These grains are large-they can actually be seen with the naked eye. The front 
and side of the cube show a portion of the cross-section through the plate thickness. 
Elongation and flattening of the grains in the rolling and transverse directions (labeled 
RD and TD, respectively, in the figure) is illustrated. The weight percentages of the 
aluminum alloying elements are given in Table 2-1.
TD
RD
Figure 2-1. 3-D as-received morphology. Magnification 12.5X.
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Table 2-1. Al-Cu-Li 2195 Alloy Composition
Cu U F e Mg Mn Si Ti Zn Zr Ag Al
3.9 .9 .04 .33 <.01 .02 .02 .01 .14 .32 Baianoe
2.2 Material Processing
The material processing flow chart is shown in Figure 2-2. An explanation of the 
processes follows.
Roll Age ~Quench
(water)
Solutionize
(540 °C, 1 hr)
Natural
(room tem p. 
>1000hr)
Artificial
(180°C, 15 hr)
Figure 2-2. Processing schedule for Al-Cu-Li 2195 plate material.
2.2.1 Deformation
To measure the effects o f deformation and aging on the Al-Cu-Li 2195 material 
properties, the material must be processed to attain different states. Deformation of the 
bulk sample performed to various percentages of thickness reduction induces differing 
amounts of dislocations into the material. This allows the creation o f accordingly 
different amounts of sites for nucleation of Ti precipitates. Thus, a variety of precipitate 
densities would result. Also, the amount o f deformation affects the size and homogeneity 
of precipitate distribution. This deformation, for example, may be induced by stretching 
in sheet materials or by cold rolling for thick plates. It is also o f interest to observe what 
textural changes occur with additional rolling of this commercial product.
Material processing was performed on the Al-Cu-Li 2195 samples. The as- 
received plate was cut into sections, then solutionized in air for one hour at 540°C, 
following with a water quench. The plate was then cut into four sections—three 17.78 cm.
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(7 in.) x 25.40 cm. (10 in.) pieces and one 7.62 cm. (3 in.) x 25.40 cm. (10 in.) piece. 
The four sections were solutionized in a vacuum for one hour at 540°C (± 5°), then 
quenched in water. Immediately following quenching (within 15 minutes), additional 
cold rolling was performed in same direction as the initial rolling direction using 
Waterburg Farrel* 40.64 cm.- (16 in.) diameter rolls. The material was rolled to different 
thickness reduction percentages (0, 10, 20, and 30% reductions) to induce various 
amounts o f deformation. The rolling mill was operated at a very low speed, less than 
2.54 cm. (1 in.)/sec.. to minimize heating. Each rolling pass resulted in a 10% reduction 
in the previous thickness. The rollers were passed over the first o f the three larger pieces 
once (10%) to a final thickness o f -3.429 cm. (1.35 in.), over the second piece twice 
(20%) to a final thickness o f —3.086 cm. (1.215 in.), and the third piece was rolled three 
times (30%) to a final thickness of -2.779 cm. (1.094 in.). No rolling was performed on 
the 3 in. x 10 in. strip.
2.2.1.1 Describing through-thickness position
In order to obtain an initial profile o f the material properties through the thickness 
o f the plate, hardness measurements were made at seven positions through the thickness 
o f the plate. The results are shown in Figure 2-3. Measurements were carried out at a 
position near the plate surface, at the center of the plate, and at two positions between the 
center and the surface on both sides o f the center. Assuming the characteristics o f the 
plates to be symmetric about the center, the positions of the measurements were 
numbered from either plate surface starting at one, through four, at the plate center. 
Specifically, the distance from the surface to the measurements at position number one is 
equal to a value near 5% of the total thickness of the plate. The other measurements were 
spaced apart a distance approximately equal to 15% o f  the total thickness of the plate. A
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Figure 2-3. Through-thickness hardness variation of rolled and aged plates. 
Measurements performed with Rockwell hardness testing machine, B-scale with a 1/16-
inch-ball indenter (accuracy = ± 1).
notation for through-thickness position may be defined such that the position is described
as a percentage o f the total plate thickness, /, as measured from one plate surface to the
other. In this fashion, the following designation is given: position 1=0.05/, position
2=0.2/, position 3=0.35/, and the center position 4=0.5/. Figure 2-4 presents an
HRB
89 91 93
i i
0 .2 /
ro
Figure 2-4. Positions o f hardness measurements through the plate thickness 
relative to the selected areas for sample extraction.
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illustration of the area within the plate thickness from which samples were removed. The 
hardness plot located on the right o f the schematic in Figure 2-4, which shows a partial 
hardness profile plot (excerpted from Figure 2-3), is included to aid in visualization of the 
positions o f the through-thickness hardness measurements relative to the plate cross- 
section. In hardness measurements, the variation from one side to the other was as low as 
approximately 0.05% and up to near 3.5% (± approximately 1%. due to the accuracy of 
the hardness tester). It is heretofore assumed that there is agreement within a reasonable 
variant o f measured values from one side of the plate to the equivalent position on the 
other side. Subsequent tensile tests also support symmetry of characteristics about the 
plate center.
2.2.1.2 Selecting through-thickness location for samples
Through-thickness position for texture, tensile, and TEM samples was chosen 
based on the hardness profile. O f most interest is the region where maximum hardness is 
measured. This lies within the region between positions 0.2/-0.35/. It is interesting to 
note that in the naturally aged condition, there is an average difference between the 0 .2/ 
and 0.35/ positions, with the maximum generally at position 0.2/. ranging from 1.28% to 
5.08%, increasing with rolling percentage. On the other hand, in the artificially aged 
condition, the difference is negligible—at all rolling percentages the difference is under 
1%. The following conclusions may be inferred from this: (1) the rolling process
induces a deformation gradient that provides the largest shear within the 0.2/-0.35/ 
region, with a maximum at 0.2/ and (2) the volume of Ti formed with artificial aging is 
such that the increased hardness values within this region are basically the same. 
Therefore, texture specimens were obtained from the 0.2/ position. Other samples were 
also obtained from the center o f the plate, 0.5/ (where hardness profiles showed the
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minimum values), for the artificial aged material with additional rolling for comparison, 
where possible.
2.2.2 Aging
Aging temperature affects the type of precipitate that forms. Therefore, both 
natural aging and artificial aging must be performed to compare results o f  optimum-aged 
(artificially aged) materials containing the major strengthening precipitate, T|, and 
underaged (naturally aged) materials. Increasing aging time and temperature results in 
refinement o f the Ti particles and subsequent increase in strength, up to a point. 
Experimental results of an Al-Cu-Li 2195 plate aging study conducted by Powers [67] 
shows the time and temperature range to produce peak-aged samples.
Some o f the alloy samples were left to age naturally for >1000 h. Kumar, et al. 
[13] report that material strength increases with aging up to a certain point and does not 
decrease significantly after extended natural aging. More specimens were artificially 
aged in air at 180°C for 15 hours. Powers [67] showed that at this aging temperature for 
the specified time, peak hardness is achieved. Results o f aging are evidenced by results 
o f mechanical testing and TEM which will be discussed in more detail in sections 2.3 and 
2.5, respectively.
2.3 Mechanical Testing
Mechanical testing of the material provides the actual values o f yield strength as 
well as other material properties. These results are the physical evidence o f  the effects of 
material processing. Uniaxial testing can furnish the yield strengths in the material 
rolling (0°) and transverse (90°) directions, as well as off-angle directions (45°, e.g.). 
Biaxial testing provides experimental data for the yield surface in stress space (C1-CT2, 
e.g.). The yield surface is the graphical representation o f material response under various
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loading combinations. These values may be compared to theoretical results for 
verification of the theory.
Uniaxial tension tests were performed in different directions of samples from 
material rolled to different percentages. Tensile specimens were extracted from the bulk 
material using electric discharge machining. An Instron™ Model 1125 screw-driven 
mechanical testing machine was used to pull the tensile specimens at a strain rate of 
.001 s' 1 at room temperature.
2.4 Texture Analysis
The texture or crystallographic orientation of a material is a measurement o f the 
orientation o f crystallographic planes in specific directions, namely the rolling, 
transverse, and normal directions o f a sample. Because texture influences the anisotropy 
of material properties, including yield strength, it is necessary to perform texture analysis.
To perform a complete analysis o f texture, the first step is to measure and record x- 
ray diffraction intensities using experimental methods. These measured intensities are 
then converted into pole figures. As stated previously, the pole figure data is used in the 
calculation of the orientation distribution functions (ODFs).
For texture measurement, slices approximately 3 mm thick and 25 mm x 25 mm 
were cut from the bulk material with a Struers® Discotom-2 using a 36 TRE-type SiC 
cutting wheel with water lubricant. Polishing papers of 500, 600, and 1600 grit and 
etching for one minute using Keller’s etch (1% HF, 1.5% HC1, 2.3% HNO3, 95% H2O) 
were used to remove the damaged material layer resulting from the cutting process. Fine 
polishing is not required for texture measurement of aluminum alloys because X-rays are 
able to penetrate the sample surface deeply enough to obtain accurate measurements. 
Figure 2-5 shows an x-ray goniometer. A Scintag Inc. goniometer with a Fe-Ka
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R o ta t in g  s a m p l e
cradle
X-ray
s o u r c e  X- ra y
d e t e c t o r  
Figure 2-5. Four-circle pole figure goniometer.
radiation source, similar to the one shown in, Figure 2-5 was used for x-ray diffraction 
and measurement o f diffraction intensities. In the goniometer, the incident x-ray beam 
passes through a slit (beam generator and slit are located to the left in Figure 2-5) and 
interacts with the sample, located in the center of the ring. The x-ray diffraction 
geometry, illustrated in Figure 2-6, must follow Bragg’s law
where: 20 = the angle between the incident and the diffracted beams. 
d/,u = the spacing between the diffracting lattice planes 
n = an integer defining the order o f diffraction (usually assumed n = 1)
X = monochromatic x-ray wavelength.
Different anode materials used for the x-ray source have characteristic values o f X. 
The Fe-Ka source used in the Scintag goniometer has a value of X = 1.9373 A .  As seen
Idhki sin 0 = nX (2 .1)
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in Equation (2.1), the value of the 
diffraction angle, 20, depends on the 
value of X. A 20 scan can 
experimentally identify the diffraction 
angle where a lattice plane produces an 
intensity peak which reveals the 
intensity o f the reflected x-ray beam 
measured by the x-ray detector. The peaks that can be expected are determined from the
reflection rules. The reflection rules for FCC materials are indicated in Table 2-2. The
first peaks that are observed result from parallel {111}, {200}, and {220} planes. Table
2-3 shows the results of the 20 scan, identifying the diffraction angles expected based on 
the X parameter for FCC materials.
Table 2-2. Reflection Rules for FCC Materials
Diffraction does not occur when Diffraction occurs when
h, k, / mixed (i.e., both even and 
odd numbers)
h, k, / unmixed (i.e., all a re  even 
numbers or all odd numbers)
Table 2-3. Observed diffraction angles for FCC material with Fe-Ka x-ray source
Lattice Plane 20 (degrees)
111 49.1
200 57.2
220 85.2
When there is no diffraction, the measured intensity should be near a background value 
that is equivalent to “noise” generated by random diffraction from elements inside the 
measurement chamber. This background is normally just a few counts, around 1-2 values 
of intensity. The diffraction peak has a width, whereas diffraction intensity above 
background can be measured in the vicinity of the defined Bragg angle. The background
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9 i '
j . \
Figure 2-6. Illustration of Bragg 
diffraction. S0 is the incident beam, S is 
the diffracted beam.
can be specified in the goniometer set-up by describing the 20 peak width as 
approximately ± 1 °.
The sample is translated an operator-specified distance for a time also specified 
by the goniometer operator while the sample is bombarded with x-rays. These 
specifications, translation and count time, determine the amount of data that can be 
collected by the x-ray detector. This means if the detector collects more data over a 
larger distance for a longer time, the accuracy o f the measurement is thereby increased. 
These specifications should be made while also considering the amount o f time required 
to run a complete measurement so that there is a good compromise between statistical 
accuracy and the use o f resources (cost). This is an especially important issue in the case 
of materials with large grains according to Kocks et al. [68]. In this reference, it is 
mentioned that a method used to improve the statistical accuracy of measured texture 
data for samples with large grains is oscillating the sample over an area at least 1 cm. in 
translation. In consideration o f this factor, the goniometer was set such that the samples 
were oscillated over a distance of 1—1.2 cm. The x-ray detector was set to measure data 
for a count o f one second.
A four-circle goniometer, controlled by a personal computer, allows the sample to 
be located according to any arbitrary angular position on the four axes 20 , co, x, <1>, as in 
Figure 2-7. The detector is set to the proper Bragg angle, 20, o f the diffraction peak of 
interest. The 20- and the 0)-axes coincide and the co rotation is kept constant at o>=00 (co 
rotations are more relevant when the goniometer is operating in transmission geometry>, 
where the x-rays pass through the sample-used for measuring thin films, or in other 
applications that are beyond the scope o f  this research). The beam generator remains 
stationary while the sample is rotated in the cradle o f the goniometer according to the
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angular coordinates that define a
sample orientation. In reflection
geometry, the sample is positioned
normal to the 0-axis and is rotated in its
own plane about 0 , which is equivalent
to the azimuth, (3. The sample is also
rotated in a circle about x which is used
to define the pole distance, a  = 90° - X- Figure 2-7. Instrument angles of the 
goniometer in reflection geometry.The reflected beam hits a counter
(located on the right in Figure 2-5) which records the intensity o f the reflected beam. 
This rotation proceeds in 5°-increments of the angles, a  and (3, measuring the intensity of 
the reflected beam when lattice planes are in the reflection condition, as defined by 20 . 
As stated by Kocks, et al. [68], “ .. .the intensity recorded at a certain sample orientation is 
proportional to the volume fraction o f crystallites with their lattice planes in reflection 
geometry.” Under the mentioned goniometer settings, the total time to measure a single 
sample is approximately four hours.
For materials with grain sizes larger than 0.5 mm. when using the reflection 
method, according to Kocks et al., [68] (p. 134) it is difficult to obtain quantitative data 
from a single measurement. The statistics of the texture measurements can be further 
improved by averaging the results o f three to six equivalent samples as in Engler, et al.
[69], In the current study, texture measurements were performed on three like samples 
for averaging.
The computer software, popLA, developed at Los Alamos National Laboratory 
(LANL), Los Alamos, New Mexico, is used to convert the recorded intensities for (111),
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(200). and (220) pole figures. The principles used by popLA in the calculation of pole 
figures are discussed in detail in Chapter 4 of Kocks, et al., [68] and by Kallend, et al.
[70] a brief synopsis is provided here. The raw data from the goniometer is transferred to 
a computer data file. This file contains an array of 72 x 19 = 1368 numbers, which are 
used for processing, corresponding to the 5° x 5° a-(3 measurements. The data in this 
array is corrected for the following important measurement “errors”:
( 1) background-the background is subtracted from the measured intensity.
(2) defocusing—as the value of a  = 90° - % increases, the sample is positioned 
at a large tilt, relative to the incident beam. This causes a spread in the area 
of the measurement of the sample, causing distortion of the reflected signal, 
or defocusing of the x-rays. This correction may be empirical or theoretical.
PopLA uses this data to construct the stereographic projection that is the pole figure. 
Stereographic projection and pole figure construction is explained further in Chapter 3 
Results. Section 3.2.1 (p. 37).
2.5 Transmission Electron Microscopy
Transmission electron microscopy (TEM) is useful for observing the precipitates 
that are the major strengthening factors in the age hardening o f Al-Li alloys. Precipitate 
type, shape, size, and densities may be determined using TEM.
TEM foils were prepared by removing a slice with a thickness of -0.5 mm, in the 
plane of rolling, from the 0.2/ position using a Buehler Isomet ® low speed diamond saw. 
A lapping tool was used to further thin the samples to foils with a thickness o f -250 fim. 
3 mm diameter disks were removed from the foil using a mechanical punch. Final 
thinning of the samples was completed by electrojet polishing with a Fischione® twin-jet 
electropolisher in an electrolyte o f 30% HNO3 and 70% methanol at -20°C. Electrojet
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polishing produces a disk with a small hole, ideally in the center. A region about 120 
|im. thick, which is thin enough for the electron beam to be transmitted through the 
sample for microscopic observation, results around the hole in a properly prepared
specimen.
Microstructural examination was performed using the Philips* CM 30 300kV 
analytical transmission electron microscope pictured in Figure 2-8.
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E l e c t r o n  b e n t  
c o l u m n
Figure 2-8. Transmission electron microscope.
CHAPTER 3. RESULTS
3.1 Mechanical Testing
True stress-true strain curves were calculated from tensile tests o f the Al-Cu-LI 
2195 material. The yield strength for each sample was determined using a 0.2% offset 
method. Figure 3-1 and Figure 3-2 compare the yield strengths for as-received, naturally 
aged, and artificially aged samples extracted from the plate material. Each data point 
represents the average o f three tests. The up-down bars indicate the standard error.
Figure 3-1 compares the yield strengths o f the as-received and naturally aged 
samples. There is negligible difference in the RD between the as-received and the 0% 
rolled, naturally aged samples. The yield strength is slightly higher for the naturally aged 
specimen in the TD than for the as-received samples. In the 45° orientation, the yield 
strength of the 0% rolled, naturally aged samples is significantly lower than that of the 
390 
370
350
TOQ_
330o>cTOw
552
£>-
310
290
270
250
-As received 
-0% Nat Age0.2t 
•10%Nat. AgeO^t
RD 45°
Tensile Direction
TD
Figure 3-1. Yield strength comparison (standard error indicated) for as-received and 
naturally aged Al-Cu-Li 2195 samples from the 0.2/ through-thickness position.
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Figure 3-2. Yield strength comparison (standard error indicated) for artificially aged Al- 
Cu-Li 2195 samples from the 0.2/ and 0.5/ (center) through-thickness position.
as-received material. Due to strain hardening, increasing the rolling percentage to 10% 
results in an approximately 10% increase in the yield strength of the naturally aged 
material. Anisotropy is illustrated in that the yield strengths are consistently higher in the 
RD than in the TD.
Figure 3-2 compares the yield strengths of artificially aged Al-Cu-Li 2195 samples. 
Anisotropy is seen in that the yield strengths are consistently higher in the RD than in the 
TD. Anisotropy decreases as rolling percentage increases from 0% to 20%. At 30% the 
difference in yield strength increases, however, the data in the RD at 30% represents only 
one test. Yield strength data is included for 0.5/ position samples for comparison. These 
results are the average results o f only two tensile tests, however, because more samples 
were not available at the time of testing. 10% rolled 0.5/ position samples were also 
unavailable. Yield strength for the 0.5/ samples position is notably greater than at 0.2/.
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3.2 Texture Analysis
3.2.1 Pole Figures
Figure 3-3 illustrates the construction o f an {hkl) stereographic projection, where 
hkl are the Miller’s indices that describe the position of the planes in the crystal. In this 
example, the normals o f the {100} planes of a single crystal located at the center o f a 
sphere are projected so that they touch the sphere. An imaginary line is drawn from the 
point on the sphere where the normal of the {hkl) plane touches the sphere to the pole on 
the opposite half o f the sphere. A point is drawn on the projection plane, which is the 
plane that bisects the sphere at its equator, where the imaginary line intersects the 
projection plane. The plot of the points on the projection plane therefore represents the 
orientation of the given {hkl} planes of the crystal. Such a plot is otherwise known as a 
{hkl) pole figure. For the example shown in Figure 3-3, the plot of the points on the 
circular projection plane is a {100} pole figure.
X II  1 r A f o r f i n r o
projection
plane
Figure 3-3. Construction of the stereographic projection o f the {100} planes o f  a 
single crystal at the center of the reference sphere. Adapted from Hatherly &
Hutchinson [25].
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This concept o f stereographic projection can be extended to describe the 
crystallographic orientation of the planes o f several crystals that constitute a polycrystal 
aggregate such as a metal/alloy sheet. In the polycrystalline case, the pole figure is 
constructed of numerous points from several o f the crystals comprising the sample. The 
points will usually be clustered in certain areas on the projection according to the 
preferred orientation. Thus the pole figure is presented in the form o f a density plot, akin 
to a topographical mapping. The “contours” indicate increasing density of “points” as 
compared the contour lines on a geographical surface map indicating increasing height. 
Initially the pole densities are expressed as count numbers corrected for background and 
defocusing, then they must be normalized so that the texture is expressed in standard 
units. The units that are commonly used are referred to as ‘multiples of random 
distribution (m.r.d.).’ A random distribution has a value o f 1 m.r.d. Orientations with 
densities above 1 m.r.d. have more lattice planes aligned in that orientation than a sample 
with random distribution. The orientation o f the planes can be shown relative to the 
sample’s axes of deformation (RD and TD) on the projection, as seen in Figure 3-3.
The concept o f stereographic projection/mapping conveniently explains the 
construction of the graphical pole figure. However the plot may be constructed in a 
fundamentally similar, yet different method o f equal-area mapping. Figure 3-4
illustrates how equal-area mapping differs from stereographic mapping. Stereographic
2 ton o a 2«tn&2
(a) (b)
/
/
/
Figure 3-4. Contrast in principles and formulas for (a) stereographic mapping 
and (b) equal area mapping. Adapted from Kocks [68], p. 54.
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mapping causes some distortion of the points at
its periphery whereas equal-area mapping
represents the true fraction of orientation space
covered. This is not generally a concern for pole
figures and most pole figures in published works
are stereographic projections. For orientation
Figure 3-5. Spherical projection 
distribution analysis, it is more advantageous to with orientation angles, a  and p,
shown, as in a pole figure, 
use equal-area mapping, therefore popLA results Adapted from Kocks [68], p. 128.
are presented as equal-area projections.
The azimuth P of a pole in a pole figure corresponding to the rotation angle, 0 and
the pole distance, a  measured by the goniometer is shown in Figure 3-5. The pole figure
results for the samples from various rolled Al-Cu-Li 2195 plates are shown in Figure
3-6—Figure 3-14.
228
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Figure 3-6. As-received Al-Cu-Li 2195 plate (position 0.2r) full pole figure (equal-area
projection).
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Figure 3-7. 0% rolled, natural aged Al-Cu-Li 2195 plate (position 0.2/) full pole figure
(equal-area projection).
4 .EH
I 2.83
lo g . s c a l e
Figure 3-8. 10% rolled, natural aged Al-Cu-Li 2195 plate (position 0.2/) full pole figure
(equal-area projection).
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Figure 3-9. 10% rolled, artificially aged Al-Cu-Li 2195 plate (position 0.2/) full pole
figure (equal-area projection).
I
lo g . s c a l e
Figure 3-10. 20% rolled, artificially aged Al-Cu-Li 2195 plate (position 0.2/) full pole
figure (equal-area projection).
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Figure 3-11. 30% rolled, artificially aged Al-Cu-Li 2195 plate (position 0.2/) full pole
figure (equal-area projection).
m ax.
RD
lo g .  s c a l e
Figure 3-12. 10% rolled, artificially aged Al-Cu-Li 2195 plate (position 0.5/) full pole
figure (equal-area projection).
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Figure 3-13. 20% rolled, artificially aged Al-Cu-Li 2195 plate (position 0.5/) full pole
figure (equal-area projection).
nM
lo g .  s c a l e
Figure 3-14. 30% rolled, artificially aged Al-Cu-Li 2195 plate (position 0.5/) full pole
figure (equal-area projection).
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3.2.2 Orientation Distribution Functions
From Mecking [71], the crystal orientations o f rolling textures are usually 
characterized by the {hkl} crystallographic plane parallel to the rolling plane and the 
<uwv> crystallographic direction parallel to the rolling direction. Pole figures exhibit the 
distribution o f {hkl}<uvw> poles, defined by a  and (3 (as explained in Section 3.2.1 and 
illustrated in Figure 3-3 and Figure 3-5). The stereographic projection of the 
{hklj<uvw> direction into a reference sphere surrounding the crystallite may be used to 
define the orientation in spherical coordinates describing the location of the point of 
intersection of the projection with the sphere. An orientation distribution (OD) describes 
the orientation, g, of the crystal coordinate axes, say x, v. 2. with respect to the sample 
(external) X. Y, Z  frame. Therefore, three Euler angles can define the orientation of a 
crystal and conversion to the {hkl) <uvw> form may be performed. Although they are all 
equivalent, several different definitions may be employed for such conversions, with as 
many different sets o f symbols and methods used to represent crystallite orientations. 
The traditional Bunge [72] method defines the orientation by three poles. The more 
recent Kocks form which defines the orientation by a vector lying on the surface of the 
sphere, is used for the results presented in this paper. In Kocks notation, the orientation, 
g. is described by the angles, (*F, 0 ,  <J>) illustrated in Figure 3-15.
The relationship between the pole figure and the orientation distribution function 
(ODF). f(g) is given by
= / ( 4 / ’0 ’<l>)‘/ r  (3.1)
where T denotes a path corresponding to a 27t rotation o f the crystal about the diffraction 
vector. Calculating the 3-dimentional function, f(g), from the 2-dimensional pole figure,
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p(a.|3) is the difficulty of calculating an 
orientation distribution.
The computation may be performed in 
Fourier space by harmonic methods or 
directly in orientation space (discrete 
methods). For harmonic methods, the pole 
figure and the OD are fitted by a series 
expansion with spherical harmonic functions, 
which for, an orthogonal set over the surface 
of a sphere (which is used for pole figures 
over the range 0 < a  < 7t, 0< (3<  2k ). The solution eventually becomes a matter of 
solving a set o f linear simultaneous equations using coefficients determined from several 
pole figures measured from geometrically independent poles. As stated by Kallend, 1998 
(Kocks p. 115). for discrete methods, both the pole figure and the OD are represented by 
discrete values by dividing up their respective domains into a rectangular grid o f 2.5° or 
5° cells. Each pole figure cell corresponds to cells along projection lines through the OD, 
depending on the crystal and sample symmetry. The value in each pole figure cell is the 
average o f the values in the OD cells along the corresponding projection lines.
Calculations of the ODF by popLA used for this research are carried out by the 
discrete method of the WIMV algorithm (flow chart, Figure 3-16), named for its 
designers: Williams, Imhof, Matties, and Vinel (Matthies and Vinel [73]) . In this
iterative method, an initial estimate o f  the ODF, f0(g), is made by placing the geometric 
mean of the values in associated experimental pole figure cells in each OD cell. The 
estimated OD is used to recalculate the pole figures, using a form o f Equation (3.1),
45
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Figure 3-15. Representation of an 
orientation by the point, P, on the 
surface o f  a unit sphere in spherical 
coordinates. Adapted from Kocks. et 
al., 1998, p. 50.
Experim ental
d a ta
OD
R ecalcu late  
pole figures
OD output
First e s tim ate  of 
OD
C alculate 
correction factors
C om parison of 
recalcu la ted  with 
experim ental d a ta
Figure 3-16. Flow chart of WIMV algorithm. Adapted from Kocks [68], p. 117.
which are then compared to the experimental data. The iteration proceeds until a 
satisfactory agreement between recalculated and experimental pole figures is achieved.
Often there is no distinction made between Estimated the use o f the phrase “ODF” in 
reference to the orientation distribution function, f(g), and the graphical representation of 
f(g). From this point on. the ODF will refer to the graphical representation of the texture. 
The 3-dimensional ODF is presented in Kocks form as polar sections of sample 
orientation space defined by the Euler angles. Quarter circles are presented because of 
sample symmetry. The ODFs for the Al-Cu-Li 2195 plate samples are presented in 
Figure 3-17-Figure 3-25. Texture components, Cu, Bs, and S are labeled in the figures. 
These symbols and their meanings are discussed in Chapter 4, Section 4.2.1 (p. 61).
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Figure 3-17. ODF—as-received Al-Cu-Li 2195 plate, position 0.2/.
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Figure 3-18. ODF-0% rolled, natural aged Al-Cu-Li 2195 plate, position 0.2/.
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Figure 3-19. ODF—10% rolled, natural aged Al-Cu-Li 2195 plate, position 0.2/.
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Figure 3-20. ODF—10% rolled, artificial aged, Al-Cu-Li 2195 plate, position 0.2/.
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Figure 3-21. ODF—20% rolled, artificial aged Al-Cu-Li 2195 plate, position 0.2/.
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Figure 3-22. ODF-30% rolled, artificial aged Al-Cu-Li 2195 plate, position 0.2/.
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Figure 3-23. ODF—10% rolled, artificial aged Al-Cu-Li 2195 plate, center position. 
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Figure 3-24. ODF-20% rolled, artificial aged Al-Cu-Li 2195 plate, center position.
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Figure 3-25. ODF-30% rolled, artificial aged Al-Cu-Li 2195 plate, center position.
3.3 Yield Simulation
The software, popLA, contains a component, LApp (Los Alamos polycrystal 
plasticity), which can predict properties such as deformation textures and R-values of 
polycrystal materials. It is used here to predict the yield surfaces of the Al-Cu-Li 2195 
samples. LApp employs a modified Taylor [86, 87] model to perform the simulations. A 
summary of the major points of Taylor’s model, as it is theoretical basis of the 
simulation, is presented in Appendix A. Essentially, Taylor’s model uses a formulation 
based on the principle o f virtual work such that the work that is internally expended on all 
active slip systems within a grain is equivalent to the incremental work of external stress. 
According to the LApp software documentation, the chief modifications o f the Taylor 
polycrystal model are (1) the incorporation of a finite rate sensitivity and (2) relaxed 
constraints for flat grains.
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PopLA converts the measured textures (continuous distributions) into a weighted 
grains file (discrete distributions) describing the texture as if the grains have been 
individually measured or if they are the result of a simulation. LApp uses the weighted 
grains file to calculate the yield surface in 3-D or as a 2-D projection onto any set o f  axes. 
The 2-D biaxial projection is presented in Figure 3-26 for the l sl quadrant o f Cauchy 
stress space (ai-ai). The uniaxial tensile yield stresses (see Figure 3-2) are presented in 
Figure 3-26 as single points on the axes.
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Figure 3-26. Predicted CTr<T> biaxial yield surface (Quadrant I). Uniaxial tensile 
(UT) test results indicated by single points as denoted by the legend.
3.4 TEM
While there is a variety of precipitates that can form during aging of Al-Li alloys, 
the major strengthening precipitate in Al-Cu-Li 2195 is the plate-shaped Ti precipitate. It 
can be difficult to image the T| precipitate, however, particle information is readily 
identifiable by viewing electron diffraction patterns projected onto photographic film. 
Diffraction patterns known as selected area diffraction (SAD) patterns may be presented
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Another particle that precipitates in the Al-Cu-Li 2195 plates is 5', which can be 
seen clearly in Figure 3-30 for a naturally aged sample with no additional rolling. The S' 
precipitates are spherical in shape. Images o f T| particles are seen in Figure 3-31. Ti 
appears as short parallel “lines” in these micrographs. Tt is also evidenced by the <110> 
SAD inserted in Figure 3-3 la by the streaks forming the sides of a rhombus and by the 
two extra spots at the ends of the trio o f  spots bisecting the rhombus. 5 ' are also present 
in the artificially aged samples, which is best evidenced by the <110> SAD inserted in 
Figure 3-3la as superlattice spots (the middle spot in the trio o f  spots bisecting the 
rhombus). Spherical 5 'precipitates are identified in Figure 3-3 la.
Figure 3-30. Spherical 5 'precipitates in 0% rolled, natural aged specimen 
(42 KX magnification). Strain fringes and a grain boundary are also 
prevalent in the micrograph.
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4«► 4
Figure 3-31. TEM micrographs (42K X magnification) showing Ti 
precipitates (parallel “streaks”) in artificially aged materials with various 
amounts of rolling prior to aging, (a) 0% , <110> SAD insert shows T i 
streaks and spots, as well as 5 ' superlattice spots, 5 ' spheres are indicated, (b)
10%, (c), 20%, (d) 30%.
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CHAPTER 4. DISCUSSION
4.1 Aging and Mechanical Properties
Figure 3-1 (p. 35) compares the strength o f as-received material to naturally aged 
material rolled 0% and 10%. It is of interest to note that between the two samples with 
no additional rolling and no additional elevated temperature aging (as-received and 0% 
naturally aged) there is a marked difference in yield strengths. Compared to the material 
in the as-received condition, the yield strength difference for the 0% naturally aged 
material is negligible in the RD, it increases slightly in the TD while it decreases sharply 
in the 45° direction. This is due to the precipitation of the 8' particle. In the RD and the 
TD. the 8' particle inhibits dislocation motion by forcing the impinging dislocations to 
shear the particles before they can move. In the 45° direction, planar slip takes over as 
the mode of deformation.
In the RD and TD, homogeneous slip is the deformation mode. When planar slip 
occurs, deformation is not uniform, therefore the precipitates act as stress concentrators 
instead of strengthening the material, causing yield to decrease. With additional rolling, 
however, the material strain hardens, thus the deleterious effect of 8 'on yield strength in 
the 45° direction is not prevalent. This effect is also seen in Figure 3-2 (p. 36) for 20% rolled.
Figure 3-2 compares the variation o f offset yield strengths with specimen 
orientation, determined from stress-strain curves. The yield strength of the material 
increases significantly when it has been artificially aged and the major strengthening 
precipitate, T|, forms. The yield values follow the same trend regardless of material 
processing, displaying a maximum in the rolling direction and a minimum at 45°.
Because Ti forms on dislocations, it is theorized that increasing deformation allows 
for changes in the particle statistics, e.g. size or density. Diffraction patterns obtained in
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the TEM can be used to determine statistical data about precipitates. As the results in 
Section 3.3 (p. 54) show, electron diffraction patterns may contain extra spots and streaks 
in addition to the Bragg diffraction spots that are expected from the crystal structure. It 
is important to understand the concept o f the reciprocal lattice for the interpretation of 
diffraction patterns.
As discussed by Goodhew and Humphreys [74] and Reimer [75], the reciprocal 
lattice is a representation of the planes in a real crystal lattice. In the graphical 
representation of the reciprocal lattice, a point, lying a distance -j from the origin.
perpendicular to the plane, where d  is the planar spacing, depicts each plane. The origin 
is coincident with the transmitted beam in the diffraction pattern. Figure 4-1 shows the 
relationship between the electron beam and the diffracting planes. Diffraction occurs 
from planes oriented nearly parallel to the electron beam. The relationship between the 
diffraction pattern and the reciprocal lattice is also illustrated in Figure 4-1. The 
diffraction pattern is a scaled section through the reciprocal lattice and the scaling factor, 
Lk. is the camera constant, where L is the distance from the specimen to the screen or 
film (camera length) and X is the electron wavelength.
For a platelet oriented parallel to the electron beam, the reciprocal points are 
extended perpendicular to the beam and the diffraction pattern shows streaking of the 
spots. Such is the case with the T| platelets as seen in Figure 3-29 (p. 54). With 
increasing deformation, the T| spots elongate slightly. If a crystal is thin in any 
dimension, the reciprocal lattice points become elongated in each dimension by an 
amount inversely proportional to the thickness of the crystal in that direction.
Therefore, to obtain a measure o f the particle sizes, the lengths o f the reciprocal 
lattice streaks can be measured. Recalling that the reciprocal lattice is scaled to the
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Plane 2 
Plane 1
Diffracting
Planes
. V
Diffraction Pattern
1/d,
Reciprocal Lattice
Figure 4-1. The relationship between electron diffraction, the diffraction 
pattern, and the reciprocal lattice. The factor L k  is the camera constant.
Adapted from Goodhew and Humphreys [74], pp. 48-49.
diffraction pattern by the value o f the camera constant, the length of the streaks in the 
diffraction patterns should be divided by the factor, Lk:
f  1 
Lk ~ t
(4.1)
where t  is the length of the streak and / is the thickness of the platelet. In the same way, 
the diameter of the platelet can be approximated:
w  _  I
T k ~ D
(4.2)
where u- is the width of the streak and D is the diameter of the platelet. The values o f f  
and vi- were measured from the diffraction patterns and are listed in Table 4-1 along with 
the calculated values of t and D  for each o f the variants as illustrated in Figure 4-2.
There is marked elongation o f one of the satellite spots associated with one T| 
variant. When the crystal is oriented with the <100> zone axis parallel to the electron
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beam, all four o f the variants are oriented at the
same angle to the beam. Therefore if the
properties of each o f the variants is the same, the
appearance of the extra spots should be the same in
the diffraction pattern. Because one spot is
elongated more than the other three, it can be
deduced that the Ti platelets on one variant have a Figure 4-2. Numbering
relative to Table 4-1 o f extra 
smaller size distribution than the other variants. SAD spots as in Figure 3-29.
This has implications on the consideration of the orientation of T[ habit planes to the
rolling plane and axes of deformation relative to anisotropy (see Section 4.3, p. 67).
Another effect is observed from the SAD patterns. A comparison of the diffraction
patterns in Figure 3-29 (p. 54) reveals that the streaks associated with 0 ' diminish with
Table 4-1. T| precipitate dimensions, t and D (units=fim) calculated from ( 
and w as measured from SAD patterns
f W t D
0% 1 0.644 0.514 25.73 32.24
2 0.514 0.475 32.24 34.88
3 0.514 0.429 32.24 38.62
4 0.559 0.475 29.64 34.88
10% 1 0.964 0.653 17.19 25.38
2 0.739 0.568 22.42 29.17
3 0.614 0.521 26.99 31.80
4 0.97 0.568 17.08 29.17
20% 1 1.42 0.56 11.67 29.59
2 0.903 0.516 18.35 32.11
3 0.731 0.43 22.67 38.53
4 0.773 0.473 21.44 35.03
30% 1 1.63 0.56 10.17 29.59
2 0.86 0.516 19.27 32.11
3 0.688 0.43 24.08 38.53
4 0.86 0.516 19.27 32.11
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increasing rolling as the Ti spots elongate. This effect is in agreement with Kumar [13] 
who states that with increasing deformation prior to aging, there is a refinement o f T i 
particles which occurs at the expense of the formation of 0'.
4.2 Crystallographic Texture and Yield Behavior
4.2.1 Identification of Texture Components
Textures are often approximated by varying amounts o f  ideal components with a 
statistical distribution around them, as stated by Mecking [71]. According to Rollet and 
Wright [76], the goal o f depicting texture in terms of components is to reduce the 
representation of the orientation distribution into a small set o f specific orientations 
which describe a large number of crystallites present in the specimen. This may be useful 
for relating the occurrence of certain texture components to material behavior. One such 
example is the determination of yield surfaces, which is o f interest when performing 
forming operations.
The names and orientations o f some common texture components are defined in 
Table 4-2. The orientations in Table 4-2 are expressed in both Bunge and Kocks notation 
and are illustrated as they appear in the ODFs shown in this paper using Kock’s notation 
in Figure 4-3. Barlat and Richmond [27] state that rolling textures tend to develop 
particularly around the copper, brass, and S orientations in aluminum alloys, whereas the 
recrystallization textures are usually identified by orientations such as Goss.
Table 4-2. Ideal component orientations
Component Orientation
Euler Angles (degrees)
Bunge notation Kocks notation
01 02 V e 0
Copper (Cu) {112}<111> 90 35 45 0 35 45
S {123}<634> 59 37 63 149 37 27
Brass (Bs) {110}<112> 35 45 0 55 45 0
Goss {110}<100> 0 45 0 90 45 0
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Figure 4-3. Locations of the ideal component orientations on the ODF as 
described using Kocks notation.
Figure 3-17—Figure 3-22 exhibits the ODFs characterizing the 0.2/ position of 
maximum strength (determined by hardness tests) through the thickness of the various 
rolled plates. Orientations in Figure 3-17—Figure 3-25 are described by Kocks Euler 
angle notation and are presented as slices o f  constant \y with 9 increasing radially and <j> 
as the azimuthal angle. The shaded logarithmic scale indicates x-ray diffraction 
intensities in m.r.d. units. The ODFs o f the various samples tested do not differ 
significantly with variation o f rolling percentage, except perhaps in value of maximum 
intensity. Figure 3-23—Figure 3-25 shows ODFs calculated from the 0.5t (center) 
position of minimum hardness of the 10, 20, and 30%-artificially aged plates. 
Comparison of Figure 3-20—Figure 3-22 with Figure 3-23-Figure 3-25 reveals a gradient 
through the thickness o f the plate, which is in agreement with a similar study by Skrotzki 
et a/. [77]. Changes in texture intensity and through-thickness texture gradients are 
reported by Zeng and Barlat [78] to affect yield locus shape and size.
The ODFs in Figure 3-17-Figure 3-22 consist mainly o f copper texture 
components with some S orientations, which diminish with increased deformation. 
Alternatively, the textures in Figure 3-23—Figure 3-25 exhibit mainly a strong brass 
orientation. Flattening o f grains during the rolling process leads to a shear misfit along 
the grain interfaces. Three shear misfit strains, ec, and evr, may be assumed to result
62
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
from the shear forces producing the deformation. Using the Taylor relaxed constraints 
theory [79], Mecking [71] predicts that when £„■ and are simultaneously released, as in 
the case o f flat grains, the texture consists of two components, copper and S. By the 
same model, if eir becomes freely adjustable, the brass component becomes prevalent. 
Because an unconstrained eir is not consistent with flat grains, the effect is attributed to a 
characteristic termed “anisotropy o f environment.” In this case, twinning occurs, 
promoting the {110}<112> brass orientation by reducing the constraints, and 
simultaneously removing the copper and S orientations from the texture. However, 
twinning is not expected to occur in aluminum alloys due to high stacking fault energy.
4.2.2 Representation of Texture by Fibers
While components describe texture as peak density orientations, texture may also 
be represented in the form o f orientation density along a “fiber” that connects ideal 
orientations. Fiber representations enable the comparison of measured intensities or other 
texture “volume” data between materials with different processing histories. The a- and 
P-fibers are usually identified in FCC alloys. The ot-fiber is defined in Bunge notation by 
the variation of the angle <j>i at constant 4> = 45° and <j>2 = 0°. It runs from the Goss 
orientation through the brass orientation to {011 }<011>. The (3-fiber position runs from 
the Cu orientation, through the S orientation and connects to the a-fiber at the Bs 
orientation.
The a-fiber is shown in Figure 4-4 as the variation of measured intensities along 
the fiber. As mentioned by Vasudevan et al. [4], some Al-Li alloys contain elements 
that inhibit recrystallization. Recrystallization was not expected and no Goss 
recrystallization texture components were observed. The a-fiber plot shown in Figure
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Figure 4-4. Intensities along the ideal a-fiber.
4-4 evidences this since the measured intensities are negligible at the Goss 
recrystallization orientation for all specimens. The intensity values begin to increase at 
the Bs orientation for the specimens from the 0.5/ position, reaching a maximum between 
01 = 45° and 0i = 65°. Around 0i = 70° the intensity o f the 0.5/ position samples tapers 
off to zero while there is a peak observed for the 0.2/ samples.
Figure 4-5 shows a plot of the intensities along the ideal p-fiber. Locations o f the 
copper, S, and brass components along the fiber are indicated. The intensities at the 0.2/ 
position are significant at the copper and S orientations as shown in Figure 4-5. The
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Figure 4-5. Intensities along the ideal (3-fiber
measured intensity at the copper orientation is least for the as-received specimen. With 
natural aging, no additional rolling and 10% additional rolling, specimens exhibit 
measured intensities near the same value, approximately 230 pet. higher than the as- 
received. After artificial aging, the measured intensity with 10% additional roiling 
increases compared to naturally aged with 10% rolling by approximately 25 pet. Again, 
in the artificially aged condition, the intensity at the copper orientation increases slightly 
with another rolling pass (20% additional rolling). However, a third rolling pass (30%
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additional rolling) appears to degrade the intensity at the copper orientation in the 
artificial aged condition, resulting in an intensity decrease of approximately 45 pet. from 
the maximum value of the 20% rolled specimen, artificially aged 0.2/ position.
At the S orientation, the measured intensities are significant in the as-received and 
the natural aged specimens. Among these three, the as-received S orientation intensity is 
the least, it increases nearly 200 pet. with solutionizing treatment, without additional 
rolling. After 10% additional rolling for 0.2/ position, naturally aged specimens, the 
measured intensity at the S orientation decreases approximately 33 pet. from 0% rolled, 
naturally aged 0.2/ position specimens. At the S orientation, the measured intensities are 
not significant for the artificial aged specimens. At the brass orientation, all measured 
intensities are negligible for the specimens o f Figure 4-5.
Comparatively, for the specimens from the 0.5/ position shown in Figure 4-5, the 
measured intensities are negligible at the copper orientation. The measured intensities at 
the S orientation are on the same scale as those of the artificial aged specimens in Figure
4-5. The intensity o f the center position increases rapidly along the P-fiber from the S 
orientation to the brass orientation for the artificial aged specimen with 10% additional 
rolling. However, with a second and third rolling pass, the measured intensity at the 
brass orientation on the P-fiber is significantly reduced. A fiber is represented in ideal 
orientations, however the location of the maximum in an orientation distribution may not 
necessarily be located on the ideal fiber. An increase in deformation may cause a shift 
away from the ideal. After a certain amount o f deformation occurs, shear bands form 
which may contribute to scattering around the main texture components (Kocks [68]), 
thus decreasing the sharpness and intensity at the ideal orientation. Shear bands are 
observed at 0.2/ in 30% samples using a light microscope (see Figure 4-6).
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Figure 4-6. Shear bands in 30% rolled specimen. Magnification 100X.
4.3 Influence of Texture and Precipitation on Anisotropy
Effects of precipitation on anisotropy may be addressed by a qualitative analysis, 
which asserts that crystallographic texture has an indirect effect on anisotropy by 
resulting in the heterogeneous distribution o f Ti precipitates among four {111} habit 
planes. This may also be extended to a quantitative analysis by combining 
microstructural precipitate information with quantitative texture analysis in the form of 
orientation distribution functions.
Kim and Lee [66] discuss orientation o f Ti and texture for a {110} < 112> texture of 
an Al-Li alloy and a similar analysis is employed here. Because the textures consist of 
strong {112}<111> components with a very weak {123}<634> component and 
{110}< 112> is negligible, the texture may be approximated as a perfect {112}< 111> 
texture. Thus, the rolling plane is considered parallel to the {112} plane. The angle (5) 
between the {112} roiling plane and the {111} Ti habit planes can be determined by 
calculating the dot product of the directions [t/wv] and [w'v'w'] of the two vectors normal 
to the planes as in Equation (4.3). Results o f these calculations are shown in Table 4-3.
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Table 4-3. Angle between the rolling plane and Ti habit plane variants
Rolling plane Habit plane of 
coterminous T [ variant
cos 5 Angle (8)
(111)
2
3V2
61.9°
( I T  2 ) ( T i l ) 0 90°
( i  T  i ) 4
3V2
19.5°
( i  i T ) 2
3V2
118.1°
This allows one o f the four T| variants to be oriented perpendicular to the rolling plane, 
one variant is 19.5° to the rolling plane and the other two are oriented 61.9° and -61.9° to 
the rolling plane. This is shown schematically in Figure 4-7.
The Schmid factor is the product o f the cosines o f the angles between the tensile 
axis and both the slip plane normal and the slip direction. This calculation (results shown 
in Table 4-4 for each of the 12 slip systems at three specimen orientations) indicates 
which slip systems may become activated when deformation occurs.
In agreement with Kim and Lee (1993), review o f the Schmid factors in Table 4-4 
shows that the inclined planes have larger values, indicating that they experience 
maximum resolved shear stress. These planes are thus most probable sites for nucleation 
of T i with a larger density of dislocations produced with deformation prior to aging. The 
increased stress on these planes may, as according to others including Cassada et al. [17], 
also cause refining o f the precipitates on these planes, such that they are smaller and more 
densely spaced. Two Ti precipitate variants are observed in Figure 4-8(a). These 
variants were imaged using the <110> zone axis. These variants are located on (111) and
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Rolling Direction
Figure 4-7. Distribution o f {111} habit planes with respect to the {112}<111>
rolling texture.
Table 4-4. Schmid factors of slip system {111 }<110> for various specimen 
orientations. Sheet has (1 T2)[ T il]  texture
Slip System Schmid Factor
Slip
Plane
Slip
Direction
0° 45° 90°
Edge-
On
( T i l ) [101] 0 .250 0
[110] 0 .499 0
[011] 0 .250 0
Inclined (111) [011] 0 .287 .408
[110] .272 .470 0
[101] .272 -.183 .408
(1 T 1 ) [0 11] .272 .220 0
[11 0 ] 0 .167 0
[101] .272 .053 0
(i i T) [011] -.272 .314 .408
[101] 0 .120 .408
[110] -.272 .197 0
(111) planes. The <110> SAD pattern is inserted in Figure 4-8(a). The streaks that 
form the sides of a rhombus connecting the matrix spots and the two spots toward the end 
o f the long diagonal o f the rhombus evidence the presence of Ti precipitates in all four 
variants. Figure 4-8b shows <100> zone-axis-imaged variants that are oriented parallel 
to the incident beam. These precipitates appear larger and more widely spaced than those 
in Figure 4-8a. A small number of precipitates on the (1T 1) variant planes are seen as
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Figure 4-8. (a) Ti precipitates imaged using <110> zone axis (SAD insert),
(b) Ti imaged with <100> zone axis.
“spherical” objects. The faces o f  these plates are oriented at an angle nearly 
perpendicular to the incident beam.
When the tensile axis is aligned with the rolling direction, three o f the variants are 
inclined to the roiling plane and the (111) and (111) inclined planes experience 
maximum stress. These planes are occupied by the finer precipitates as shown in Figure 
4-8a and are thus highly effective barriers to dislocation motion. In the transverse
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direction, the edge-on (111) and the (111) variants are aligned parallel to the 
deformation axis and because of the platelet shape of T|, they offer less opportunity to 
impede dislocation movement. All four {111} planes are oriented at an angle to the 
tensile axis in the 45° orientation. However the (111) is very nearly parallel to the tensile 
axis, oriented only 9.1° away such that these variants offer fewer chances to impede 
dislocation motion. According to the Schmid factors, the (111), and the (111) variants, 
which are oriented 80.3° and 45° to the tensile axis, respectively, experience the 
maximum stress in deformation. The edge-on (111) variant has the larger, more sparsely 
arranged precipitates seen in Figure 4-8b, which provide less chances for dislocation 
interaction than the finer precipitates on the inclined planes.
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CHAPTERS. CONCLUSIONS
This research has resulted in the characterization of Al-Cu-Li 2195 plate, which is a 
new material about which much is still left to be discovered. This experimental study o f 
the crystallographic texture and microstructure and their effects on yield behavior of Al- 
Cu-Li 2195 plate has furthered the knowledge base on this important engineering alloy. 
By exhibiting the quantifiable properties o f crystallographic texture and correlating it 
with the quantifiable properties o f microstructure and yield behavior, this study produces 
knowledge of the interrelation o f these aspects—microstructure, texture, yield strength, 
and anisotropy of yield-beyond the limits o f qualitative analysis. This research boosts 
confidence for current applications of Al-Cu-Li 2195 and supports the application of this 
alloy in innovative new ways. The following concludes the findings of this research.
5.1 Aging and Mechanical Properties
The calculation of particle sizes from the diffraction patterns in Section 4.1 is 
included to illustrate the effect that prior deformation has on the size o f Ti precipitates. 
As the deformation is increased, the Ti platelets become more refined in that they 
decrease in size and increase in density. The particle sizes as measured from the SAD 
patterns prove this and the effect is also seen in the TEM micrographs. Also, TEM 
micrographs and SAD patterns together show that this refinement occurs at the expense 
of the formation o f 0 ' precipitates. It has been established in other publications that 5 ' 
and 0' do not contribute as much to the yield strength (or tensile strength, for that matter) 
as does T|. The presence of small, fine T|, creates a less penetrable field for dislocation 
movement. In the orthogonal rolling and transverse directions, increased yield strength is 
the result as the deformation is increased prior to aging. In the RD and TD tensile 
directions, deformation is uniform and proceeds by homogeneous slip. In the 45° tensile
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direction, a different deformation mode operates such that the deformation proceeds by 
non-uniform localized slip caused by a shear effect o f the texture. Precipitates can act as 
stress concentrators which locally increase stress on a small area, thus degrading the 
strength of the material. In forming applications where the stress space nears the 45° 
tensile (or equivalent compression) orientation, care should be taken.
5.2 Crystallographic Texture and Yield Behavior
The Al-Cu-Li (2195) thick plates deformed by cold rolling to various thickness 
reductions exhibit a texture gradient through the plate thickness accompanied by a 
variation in yield strength values. The difference in yield strength values is related to the 
texture variation in terms of the texture components (ideal crystallographic orientations) 
identified from experimental measurements. Results o f this investigation show that the 
texture intensities measured at certain ideal orientations increase or decrease with 
increasing deformation. These textural changes influence the value and anisotropy of the 
yield strength o f the alloy.
The intensity o f the 0.5/ specimens at the brass orientation is significantly higher 
with 10% deformation than with additional rolling. Increasing deformation sharpens the 
texture by increasing the intensity. However, after more than 20% rolling, shear bands 
form which may contribute to scattering around the main texture components, thus 
decreasing the sharpness and intensity at the ideal orientation.
There is a marked through-thickness texture intensity gradient such that the 
intensities at the 0.5r position are much greater than at 0.2/. The through-thickness 
texture variation in the plate is likely due to the differing amounts or modes of 
deformation experienced at different positions though the plate. Most o f  the rolling 
process is concentrated near the surface o f the plate whereas the center o f  the plate
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experiences the least amount o f the total deformation. Thus the center of the plate may 
not experience processes such as breaking o f grains that cause texture heterogeneities 
which can degrade the sharpness o f a texture.
Uniaxial tensile yield increases significantly with artificial aging once the Ti 
precipitate forms. The yield values exhibit slight anisotropy because the values are 
consistently higher in the rolling direction than in the transverse direction. This occurs 
regardless of aging procedure. Therefore it can be concluded that the texture plays the 
most prevalent role in anisotropy of yield. However, as stated previously, the Ti 
precipitates may have an indirect effect on anisotropy due to heterogeneous distribution 
of the precipitates on {111} habit planes.
Yield loci predicted for ideal textures with copper and brass orientations show that 
copper orientations produce more symmetrical yield loci with respect to the line o f 
equibiaxial tension (Ci=a2> compared to brass, whereas the latter orientations produce 
distortion of the loci in the direction of Oi. Changes in texture intensity and through- 
thickness texture gradients affect yield locus shape and size such that textures o f  higher 
intensity at 0.5/ exhibit sharper comers near the balanced biaxial range. The predicted 
biaxial yield loci o f the 0.2/ specimens are less anisotropic in the uniaxial directions than 
the 0.5/ loci. Yet. the loci o f the 0.2/ specimens are less symmetric than the 0.5/ loci. 
The vertex near the balanced biaxial range is sharper for the 0.5/ position than for 0.2/. 
Although particular components can be isolated to describe the textures o f  these 
materials, the actual measured textures vary from ideal orientation and the yield surface 
model is calculated based on the experimental texture data. There is reasonably good 
agreement in the uniaxial directions between experimental yield results and predicted 
yield loci.
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5.3 Influence of Texture and Precipitation on Anisotropy
Because Ti precipitates nucleate preferentially on dislocations, Ti forms in higher 
density on planes that experience maximum stress during deformation. These planes are 
oriented at an incline to the rolling direction. TEM confirms that due to the {112} < 111> 
texture that characterizes these specimens, the precipitates form preferentially on the 
(111) and (111) inclined planes and the (111) inclined planes that are closely parallel to 
the rolling plane. The precipitates are sparser, yet larger on the edge-on (111) planes. 
This condition creates anisotropy in that depending on the direction of deformation (as 
stretching in a tensile test), the size and density, and therefore effectiveness, of the 
obstacles to dislocation movement during slip are not the same in different directions.
It has been shown that there is measureable anisotropy o f the yield strength. The 
yield strength is maximum in the RD and minimum at 45°. The analysis of the 
orientation of {111} habit planes and particle density observation supports this. 
However, the yield values of the aged materials follow the same trend as the as-received 
material having no precipitates. This indicates that while the yield strength is increased 
significantly by the presence of Ti precipitates, the anisotropy of yield is influenced 
mainly by the crystallographic texture of the plate. The indirect effects of T| precipitate 
orientation and texture on anisotropy may come into play for other tensile properties, 
such as elongation and fracture mode.
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CHAPTER 6. FUTURE WORK
The Al-Cu-Li 2195 plate material has great untapped potential for important 
engineering applications. The following outlines other interesting areas o f possible 
further investigation and highlights applications o f this and other related research 
regarding this material.
Further study is warranted in the area of the interrelation of precipitation and 
texture on anisotropy for Al-Cu-Li 2195 plate, in that other tensile properties, such as 
elongation or fracture mode, may be affected by the orientation of platelet precipitates in 
unison with crystallographic texture. In general, it is known that particles affect fatigue 
and fracture in the same way that they inhibit slip. Limited research has been completed 
in characterizing fatigue properties of Al-Cu-Li 2195 plate or in study of the relationship 
of crystallographic texture and microstructure to fatigue.
There is a lot of enthusiasm for Finite Element Modeling and Analysis in this day 
and time. Finite element applications that employ knowledge of microstructural 
characteristics and properties enable improved accuracy of the modeling o f deformation 
processes. Such finite element models have been developed, based on a variety of 
concepts. In particular, a model constructed by Beaudoin et al. [80-82], uses a Taylor- 
based (see Appendix A) development o f  the constitutive response which involves relating 
the stresses acting on the crystal and the rate o f shearing on the slip system to the 
resolved shear stress. The resolved shear stress, T, is the actual stress operating on the 
slip system resulting from the application of a simple tensile stress. Because the 
fundamental mechanism o f deformation is a shearing action based on the projection o f 
the applied force onto the slip system, % is usually defined in terms of the applied stress 
and the vectors describing the slip system. However, x can be affected by nearby defects
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and precipitates, as well as the applied loading. Including the effects o f precipitates on 
the deformation properties allows a better description o f slip-deformation behavior of 
precipitation-hardened alloys, such as Al-Cu-Li 2195 plate, and thus enables more 
accurate predictions of material behavior. The polycrystal model uses popLA to 
incorporate texture into the finite element analysis. Precipitate type, shape, size, and 
densities may be determined using TEM. With the considerations of texture and 
precipitation on anisotropy, these factors may be taken under consideration for 
microstructural modeling to provide a more flexible program capable o f analyzing 
numerous polycrystalline materials.
A study in collaboration between the author and other investigators at Southern 
University. Baton Rouge and NASA is underway to examine the use o f this material for a 
grant entitled “Modeling and Analysis of Heat-Activated Thermal Coupling for Joining 
Composite to Composite/Alloy Structures.” The short-term objective o f this research is 
to develop a method for joining composite or alloy structures. A portion of this study is 
to provide an innovative joining method for composite-to-alloy structures, as well as to 
study the effects of thermal stress on composite-to-alloy joints. Relative to the 
composite-to-alloy joining, no alloy has been specifically characterized as it relates to the 
goals of this project. The low weight and high strength of Al-Li alloys makes them 
perfectly suited for aerospace applications where weight is a factor. As stated previously, 
Al-Cu-Li 2195 is a Weldalite® alloy, which is more suitable for welding than other Al-Li 
alloys and thus may be ideal for other thermal bonding techniques. The study and 
characterization of Al-Cu-Li 2195 plate is o f significant importance to this and other 
aerospace-related interests.
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APPENDIX A. TAYLOR MODEL
The first efforts to relate polycrystalline material properties to single-crystal 
deformation mechanisms were by G. Sachs [83] and D. G. Sopwith [84] who proposed 
that the tensile yield strength o f a polycrystal should be the average o f the tensile yield 
strengths of the crystals in it, given by Schmid’s law
a  = xc cos <p cos k  or a  = — xc (A. 1)
m
where m = Schmid factor for the most highly stressed slip system, and Tc is the critical 
resolved shear stress. According to Wagoner & Chenot [85], this theory however, only 
provides a lower bound to the strength in uniaxial tension because it assumes single slip, 
which violates compatibility requirements between neighboring grains in the transverse 
direction.
Taylor [86-87] proposed an upper bound solution for the yield locus of a FCC 
polycrystal. As (Hosford [34], p. 103) explains, upper bound solutions must assume a 
geometrically self-consistent deformation field. Taylor therefore, as Hosford [34 (p. 56)] 
also explains, assumed that all grains undergo the same shape change as the polycrystal. 
With this in mind, Wagoner & Chenot [85] illustrates that Taylor, using the principle of 
virtual work, calculated the external stresses from the internal work necessary to produce 
such a deformation.
Taylor’s analysis is based on finding the slip systems in a crystal that can 
geometrically produce a specified shape change with the least expenditure of energy. 
Five active slip systems are required for a general shape change. Taylor assumed the 
critical stress for slip, Tc, to be the same for all active slip systems and that they work 
harden at the same rate.
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The formulation o f the theory begins with the incremental work per volume, dV, 
that is internally expended on all active slip systems within a grain:
dv = Y,xctilK) ='cXI^{K,l ( A -2 )
If if
where d f  is the incremental slip (or crystallographic shear strain) on the individual slip 
systems. The incremental work per volume supplied by the external stress is a,y </E,y. The 
principle o f  virtual work states that the incremental work that is either dissipated 
plastically or stored elastically inside the body must equal the external work increment 
done by tractions or stress on the surface of the body:
ja ^d e^d V  = j  T'dutdS  (A.3)
r  s
Schmid [88] proposed
T(,c) = ±5;o 0,y/»i'M k = 1,12 (A.4)
where s is the unit slip direction and m  is the unit normal to the slip plane. There are 12 
possible slip systems in FCC {111 }<110> slip and with only five necessary to produce 
shape change, the combination of five active slip systems (assuming the remaining seven 
to be inactive) is varied to render the cumulative shear a minimum or equivalently, to 
render CT,y minimum. Thus an upper bound constitutive relation is found:
dV = xc dy = Gij de,j (A.5)
or
(a .6)
t j  K = l
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APPENDIX B. SAMPLE CALCULATIONS
This appendix details the methods used to determine the orientation of the tensile 
directions for Schmid factor calculation in Table 4-4 (p. 69) o f Section 4.3. The 
orientation of the crystal is deciphered using the approximated texture. The texture is 
approximated as a {112}<111> copper texture. Assuming that the rolling plane is 
equivalent to a ( n2)[F 11 ] texture requires that the rolling direction (RD) be parallel to the 
[III] direction and the rolling plane is parallel to the ( lf2) plane. Therefore, the 
transverse direction (TD) which is perpendicular to RD and the 45° direction must also 
lie in the (U2) plane. These directions have been determined graphically as follows:
A Z
11]
[hki\
 > Y
X
Figure B -l. The ( ll2) plane and tensile directions in the unit cube. RD =
[1 11], TD = [110], 45° direction = unknown [hkf].
The coordinates o f point P in Figure B-l must be determined to ascertain the 
Miller’s indices o f  the direction oriented 45° to RD. The length o f the sides of the cube 
is unity and the lengths o f the sides o f the triangle and its dissector can be found using the 
Pythagorean Theorem, trigonometric definitions, and the law o f sines:
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Figure B-2. Schematic for the trigonometric determination o f Miller’s 
indices for the 45° tensile direction on the ( l l2) plane.
tan ZQRS =
x - 7 0 7  ,
ZQRS = 50.8°
ZPQR = 45°
ZQPR = 84.2°
law of sines: —- — = —^— = — (B.  1) 
sina  sin p sino
where a, b, and c are the sides o f any triangle and a , p, and 5 are the opposite angles o f 
each side, respectively. For triangle PQR:
- R-P—  = - •7-° -7-— => RP = .502 
sin 45° sin 84.2°
The sides o f APRT are found:
ZSRT = tan'1 .5 = 26.6°
R T
cos 26.6° = => RT = .45
.502
sin 26.6° = => PT = .225
.502
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Thus:
x = 0.5-RT = .05 
y = .5 
z = PT = .225
The coordinates of point P are P(.05, .5, .225). The Miller’s indices of the direction 
vector QP can be found by multiplying the ordinates by 40 in order to make three whole 
numbers. Therefore the tensile direction oriented 45° to RD is given by the hkl indices
[2 20 9],
Table B-I. Summary o f Miller’s indices for tensile directions.
Angle to RD Direction
0 [ T i l ]
45 [2 20 9]
90 [110]
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